Ordered mesoporous silica materials are of interest for a wide range of applications. In many of these, elevated temperatures are used either in the preparation of the material or during its use. Therefore, an understanding of the effect of high temperature treatments on these materials is desirable. In this work, a detailed structural study is performed on silicas with three representative pore structures: a 2-D hexagonal pore arrangement (SBA-15), a continuous 3D cubic bimodal pore structure (KIT-6), and a 3D large cage pore structure (FDU-12). Each silica is studied as prepared and after treatment at a series of temperatures between 300 and 900 ∘ C. Pore structures are imaged using Transmission Electron Microscopy. This technique is used in conjunction with Small-Angle X-ray Diffraction, gas physisorption, and 29 Si solid state Nuclear Magnetic Resonance. Using these techniques, the pore size distributions, the unit cell dimensions of the mesoporous structures, and the relative occupancy of the distinct chemical environments of Si within them are cross correlated for the three silicas and their evolution with treatment temperature is elucidated. The physical and chemical properties before, during, and after collapse of these structures at high temperatures are described as are the differences in behavior between the three silica structures.
Introduction
Mesoporous solids, especially those with an ordered pore structure, possess unusual and interesting properties including very high specific surface areas, chemical and thermal stability in many environments, interconnected pore structures, and uniform pore size and shape which, furthermore, can be predetermined to a large extent by modification of the preparation parameters. As a consequence, this group of materials is in demand for a wide range of current and potential applications. The most widely studied group of ordered mesoporous materials are those consisting of amorphous silica but with ordered pore structures. These are typically prepared by the self-assembly of surfactantbased micelles in the presence of a silicon source such as tetraethoxysilane and subsequent removal of the organics to leave the mesoporous silica. Although these products are not crystalline in the conventional sense, the periodicallyrepeating pore structures can be assigned unit cells and space groups. An extensive family of these Ordered Mesoporous Silicas (OMSs) has been reported and features a wide range of pore structure symmetries including hexagonal p6mm (MCM-41 [1] , SBA-15 [2] , SBA-3 [3] ), cubic Ia3d (MCM-48 [4] , KIT-6 [5] , FDU-5 [6] ), cubic Im3m (SBA-16 [7] ), and cubic Fm-3m (FDU-12 [8] ). The pore structures of the three representative materials chosen for the current study, SBA-15, KIT-6, and FDU-12, are presented in Figure 1 [9] . OMS materials are under consideration for many fields of application such as heterogeneous catalysis [10] [11] [12] [13] , gas adsorption [14] (including hydrogen storage [15] ), drug delivery [16, 17] , and molecular separation [4] . Depending on the application, the OMS may require further chemical modification. The pore surfaces may be functionalised by postsynthesis grafting [14, 17, 18] or by addition of the desired functional groups during the initial self-assembly process [17] . Furthermore, a second solid phase may be impregnated into the pores, for example, to provide active catalytic sites [19] . In a very fruitful development, this process can be taken one step further. The OMS can be used as a mould into which the precursor of a different solid phase is introduced, often by impregnation of a solution. The second phase is then formed within the pore structure of the OMS, usually by calcination, and finally the original OMS is removed by dissolution to leave an inverse ordered mesoporous structure comprised of the second material. This process is known as hard templating or nanocasting [20] [21] [22] . This group of techniques has been used to create a series of novel ordered mesoporous materials, often crystalline, including metal oxides [23, 24] , metal sulphides [25] , and polymers [26] which exhibit the novel properties-such as high specific surface area-seen in the parent OMS. Fundamental to this methodology is the OMS itself, which must possess sufficient chemical and thermal stability to survive the first steps of the nanocasting process without losing its pore structure. For some preparations, these factors may make hard templating difficult. For example, the preparation of mesoporous semiconductor materials is problematic because of their high crystal growth temperature [27] .
In the synthetic methods involved in nanocasting, in surface modification and in second phase impregnation the OMS is exposed to elevated temperatures. This is also true during applications of OMS materials as, for example, heterogeneous catalysts and gas storage materials. For these reasons, and with a view to these applications, it is important to understand better the thermal stability and thermal evolution of OMS materials. In a detailed thermogravimetric and in situ high temperature XRD (HTXRD) study of a number of OMS materials including SBA-15, Kleitz et al. concentrated on the decomposition of organic templates during the initial calcination and the related changes in pore structure [28] . In a gas adsorption study, Ryoo and coworkers reported a decrease in mesopore diameter with increasing treatment temperature in SBA-15 and identified the existence of micropores interconnecting the mesopores [29] . Shah and Ramaswamy also used HTXRD on SBA-15 and reported thermal contraction with increasing temperature but pore stability up to 1200 ∘ C [30] . Huang et al. saw pore shrinkage in ultra large pore FDU-12, when they applied calcination temperatures up to 450 ∘ C [31] and Kruk and Hui were able to modify FDU-12 so that its spherical pores became isolated, or entombed, after calcinations at 450-640
The latter effect is of interest for the formation of low dielectric insulators and a similar effect-in this case forming entombed cylindrical pores-was reported by Mandal and Kruk for SBA-15 [33] .
Here, three widely used and representative OMS materials with different pore structures, SBA-15, KIT-6, and FDU-12, were studied as prepared and after thermal treatment at a wide range of temperatures. Transmission Electron Microscopy (TEM), (ex situ) Small-Angle X-ray diffraction (SAXS), gas physisorption, and 29 Si Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) were used in each case to obtain the pore size distributions, the unit cell dimensions of the mesopore structures, and the relative occupancy of the distinct chemical environments of Si within them. These data were cross correlated and the evolution of the three OMS structures with treatment temperature was elucidated, resulting in a comprehensive and systematic comparative study.
Experimental
SBA-15 silicas were synthesised according to a published method using the triblock copolymer surfactant, Pluronic P123 (EO 20 PO 70 EO 20 ), where EO is poly(ethylene oxide) and PO is poly(propylene oxide) [2] . In a typical synthesis, 2 g of Pluronic P123 was added to 15 cm 3 of distilled water and 60 cm 3 of 2 M HCl and stirred at 40 ∘ C for 8 hours. 4.25 g tetraethyl orthosilicate (TEOS) was added and the mixture was stirred for 24 hours at the same temperature.
KIT-6 silicas were synthesised according to a published method using the triblock copolymer surfactant, Pluronic P123 (EO 20 PO 70 EO 20 ) [5] . In a typical synthesis, 6 g of Pluronic P123 was added to 180 cm 3 of distilled water and 50 cm 3 of 2 M HCl and stirred at 35 ∘ C for 6 hours. 6 g ofbutanol was added and the mixture was stirred for a further hour at 35 ∘ C. 12.48 g TEOS was added and this mixture was stirred for 24 hours at the same temperature.
FDU-12 silicas were synthesised according to a published method using the triblock copolymer surfactant, Pluronic F127 (EO 106 PO 70 EO 106 ) [8] . In a typical synthesis, 2 g of Pluronic F127 and 5 g of potassium chloride were added to For all three silica syntheses, the mixtures prepared as above were transferred to a PTFE container and placed in a muffle furnace for hydrothermal treatment at 100 ∘ C for 24 h. The resulting solid materials were washed and filtered three times using distilled water and dried at 50 ∘ C overnight before being calcined at 500 ∘ C for 5 h (with a ramp rate of 1 ∘ C min −1 ) in a tube furnace (Carbolite STF) to remove the surfactants and any remaining organic compounds. All reagents were purchased from Sigma-Aldrich.
Each of the three OMS products was subdivided into equal measures of approximately 200 mg for subsequent thermal treatment. This quantity generally was sufficient to allow for the full series of analytical techniques to be applied since these were nondestructive and caused only minimal loss of sample. The thermal treatment consisted of heating the material in air to the desired temperature at a ramp rate of 1 ∘ C min −1 and applying a dwell of 5 h. Treatment temperatures, T, of 300, 400, 450, 500, 550, 600, 650, 700, 800, and 900
∘ C were applied. This temperature range was chosen to include all temperatures of relevance to the various applications of OMS materials, including catalysis and nanocasting. Samples are named as follows. The prefix indicates the OMS structure type and the suffix indicates the treatment temperature. In addition, the untreated, asprepared samples will be denoted by the suffix, AP. As an example, SBA-15 treated at 900 ∘ C is referred to as S-900.
Nitrogen adsorption isotherms were measured at −196 ∘ C using a Micromeritics ASAP 2020 volumetric adsorption analyser. All samples were pretreated before analysis by outgassing overnight at 120 ∘ C under vacuum.
SAXS patterns were recorded using a PANalytical Empyrean Diffractometer in reflectance geometry using Cu K 1 radiation (wavelength = 0.1540598 nm). The incident beam was collimated by a series of slits and a beam mask. Diffraction data were recorded in the range 2 = 0. ∘ with a step size of 0.01 ∘ . The powder samples were pressed into the 0.5 mm deep, 16 mm diameter well in a standard circular steel reflectance holder with a PTFE liner.
TEM images were obtained using a JEOL JEM 2011 instrument operating with a LaB 6 filament and at an accelerating voltage of 200 kV. The images were captured and analysed using Digital Micrograph 3.4.4 software operating a Gatan CCD camera.
Solid-state 29 Si MAS-NMR spectra were obtained at 79.44 MHz at a spin rate of 6.8 KHz on a Varian VNMRS 400 spectrometer for all SBA-15 and KIT-6 samples. The spectra for the FDU-12 samples F-AP, F-450, and F-600 were obtained at 59.63 MHz and at a spin rate of 6.0 KHz on a Varian Unity Inova 300 spectrometer with 60 s delay between scans. The amount of sample available for NMR was small because of the need to use a single batch of material for all treatment temperatures. Because of the particularly small amount of sample available, the spectrum for F-900 was run at 79.5 MHz on a Bruker Avance III spectrometer with 180 s delay between scans using a 9.4 T wide bore superconducting magnet.
For each of the OMS materials, values for interplanar spacings, d, obtained from the SAXS patterns were used to calculate the corresponding unit cell parameters (a 0 ).
Results

Gas Physisorption.
In order to determine the structural changes for the three OMS materials of interest, a series of nitrogen physisorption isotherms were produced from each thermally treated sample and the as-prepared samples (AP). Isotherm plots for the three AP samples together and for the individual samples as a function of treatment temperature are presented in Figure 2 . Both SBA-15 and KIT-6 give rise to physisorption isotherms of Type IV with Type H3 hysteresis. This behaviour is typical of mesoporous materials within whose pores capillary condensation occurs. The FDU-12 material also gave an isotherm of Type IV but showed Type H2 hysteresis. This is typical of mesoporous materials with bottleneck-shaped pores. The isotherms were therefore as expected for all three OMS materials. The main effect of increasing pretreatment temperature was to decrease the extent of adsorption and desorption and so to reduce the size of the hysteresis loop. This shows a dramatic collapse for FDU-12 which is discussed in more detail below. To quantify these changes and so compare them more closely, it is best to obtain surface area and pore size data from these isotherms. Using Brunauer-Emmett-Teller (BET), the specific surface area (SSA, m 2 g −1 ) was obtained. The Barrett-Joiner-Halenda (BJH) algorithm was utilised to obtain pore size distribution (PSD) and specific mesopore volume ( meso , cm 3 g −1 , pore diameters of 2 to 50 nm) and the -plot method was used to obtain values of specific micropore volume ( micro , cm 3 g −1 , pore diameters under 2 nm). Figure 3 presents plots of meso , micro , and SSA against treatment temperature for the three OMS materials. For all three materials, meso is much larger than micro . On increasing treatment temperature for SBA-15 and KIT-6, SSA first decreased noticeably for T = 400 ∘ C and continued to decrease roughly linearly until reaching a point of inflection at T ∼ 550 ∘ C, after which it declined more sharply. Nevertheless, for T = 900 ∘ C, significant SSA remained for both SBA-15 (160 m 2 g −1 , 20% of the initial value) and KIT-6 (260 m 2 g −1 and 34%). The SSA appeared to be approaching a plateau for SBA-15 at this temperature but this was not the case for KIT-6. These same trends are closely paralleled in the plots of meso against T. The corresponding fall in meso suggests that the internal pore structure was in the process of contracting. Despite this trend, both materials still exhibited significant mesoporosity-around 41 and 44% of the initial values for SBA-15 and KIT-6, respectively-for T = 900 ∘ C. In Figure 3 (c), the corresponding plots for FDU-12 showed only small decreases in SSA and meso indicating a high tolerance to high temperature treatments up to and including T = 500 ∘ C after which both parameters suffered a rapid decline from T = 700 ∘ C, both reaching values close to zero at higher temperatures. This behavior indicates that differences in pore structure had a considerable influence on 575  550  525  500  475  450  425  400  375  450  325  300  275  250  225  200  175  150  125  100  75  50  25  0 As prepared the structural integrity of these OMS materials under high temperature treatments.
This phenomenon is strikingly verified by reviewing the plots of pore size distribution in the mesopore region presented in Figure 4 . For all three as-prepared materials, a clear, single peak was observed and peak size decreased as treatment temperature increased. This corresponds to the significant loss of porosity observed for all samples in Figure 3 . For SBA-15 and KIT-6, there is a smooth trend in which the peak maximum shifted to lower pore width values as T increased. The pore widths for all three AP and 900 samples are given in Table 1 .
These shifts in pore peak position also became more marked with increasing T which appears to be an approximately exponential (Arrhenius-type) relationship. This is consistent with the thermally-activated shrinkage of the pores in these two materials. The behavior of FDU-12 was very different, however. Figure 4 (c) indicates that no significant change in pore width occurred, although, as in the other two materials, the peak height did fall with increasing T, in this case, in fact, to zero.
These gas adsorption results strongly indicate that loss of porosity and surface area occurred in SBA-15 and KIT-6 by gradual shrinkage in pore size while in FDU-12 it occurred by rapid loss of individual pores.
Returning to Figure 3 , it is interesting to review the trends in micro . In general, micro increases in the following order: KIT-6 < FDU-12 < SBA-15. This is consistent with the pore structures of these materials. SBA-15 is known to have microchannels between mesopores [34] ; FDU-12 has cylindrical micropore channels between spherical mesopores but KIT-6 appears to have fewer microchannels between its 6 Journal of Nanomaterials Journal of Nanomaterials wormhole-like mesopores [34] . In all cases, micro decreases with increasing T in a similar way to meso . For FDU-12, both parameters fall to zero at 700-800 ∘ C. In SBA-15 and KIT-6, however, micro falls to zero while meso remains at relatively high values, even at T = 900 ∘ C. Table 1 for the AP and 900 samples. The evolution of these interplanar spacings with treatment conditions is presented in Figure 5 for each OMS type.
Small Angle X-Ray
Within each of the three plots, the trends in all d-spacing values showed a high degree of similarity, indicating that the data were self-consistent. A general trend of decreasing d-spacing with increasing treatment temperature was seen for all three OMS materials. This implies shrinkage of the unit cells with increasing T in each case. The shrinkage of the unit cells of SBA-15 and KIT-6 was more marked than that of FDU-12. For example, the largest d-spacing for FDU-12 (d 111 ) showed a relative decrease to T = 700 ∘ C of 2-3 times more than the largest spacing for the SBA-15 (the d 100 ) and the KIT-6 (d 211 ). The gas adsorption results, presented in Figures 3 and 4 , indicated that FDU-12 showed complete loss of SSA and open pore structure after treatment at the highest temperatures. For this reason, the SAXS patterns for the samples F-800 and F-900 were obtained twice. The corresponding d-spacings showed large variances which can be attributed to the small amounts of ordered material remaining in these samples which in turn gave rise to small SAXS peaks. The fact that d-spacings were resolved at all in these two samples, however, is noteworthy, given the hypothesis of pore structure collapse. Figures 6-8 present the TEM analyses of the three OMS materials, each in both their as-prepared state and after treatment at 900 ∘ C. Two methods were employed to obtain information on the pore structures. Firstly, Digital Diffraction Patterns (DDPs) were obtained by applying the Fourier transform to selected areas of the TEM images. The d-spacings were then calculated from these. Secondly, line scans giving the variation in contrast as a function of position were generated from selected images. These were used to extract pore and wall widths. These data are given in Table 1 . Figures 6(a) and 6(b) show the long-range ordering in the as-prepared SBA-15 material viewed in the -anddirections (see Figure 1(a) ), respectively. After heating at 900 ∘ C, some structured regions were still observed, as in Figures 6(c) and 6(d), but essentially nonporous material such as that seen in Figure 6 (e) was now also seen. This distinct partitioning of ordered and nonordered areas was evident throughout the TEM study of this sample. Interplanar spacings were obtained from the DDPs and values for the pore and wall thicknesses in these structures were measured from plots such as those given in parts (i) and (ii) of the figure. These are presented in Table 1 and show good agreement with the corresponding data obtained from SAXS. Ongoing from the S-AP to the S-900 sample, both the unit cells of the pore structure and the pores themselves appeared to have decreased in size while no change in wall thickness was observable in TEM.
Transmission Electron Microscopy.
Journal of Nanomaterials The TEM images of KIT-6 in Figure 7 reveal very similar behavior to that of SBA-15 in that there was shrinkage of the unit cell and of the pores on thermal treatment and those regions with and without ordered pore structure were present in the thermally-treated sample, K-900. One difference seen in KIT-6 over SBA-15 is that there appeared to be a thickening of the pore walls between K-AP and K-900, as indicated in Table 1 .
In FDU-12 (Figure 8 ), the thermal treatment had a markedly different effect. The ordered structure of spherical pores seen in F-AP in Figure 7 (a) was converted into material which still contained some of these pores but in which they were in a much less ordered arrangement, as seen in Figure 8 (c) for F-900. In this sample, no pores were detected by gas adsorption (Figures 3 and 4) yet the SAXS patterns did indicate some ordered structure, although the peaks were much attenuated compared to those for F-AP. These results can be explained by reference to the TEM images. In these, pores were still seen in F-900 and formed a loosely ordered arrangement. However, it appears that the pores had become completely encapsulated within the silica material meaning that gas could not adsorb inside them in the gas adsorption experiments. This indicates that the narrow cylindrical channels forming connections between the spherical pores in the F-AP material must have failed, filling with silica material and leaving behind encapsulated spherical pores in arrangements ordered enough to be detectable by SAXS but which did not contribute to the measured surface area or pore volume of the sample because they were no longer accessible. This is in agreement with the findings of Kruk and Hui for the encapsulation of the spherical pores in large pore FDU-12 and SBA-16 on heating [31] .
Journal of Nanomaterials 29 Si NMR. 29 Si-MAS-NMR spectra were recorded for each of the three OMS materials after four treatments: AP, 400, 650, and 900. The spectra are presented in Figure 9 . All spectra showed a major peak at a chemical shift, , of around −110 ppm with small shoulders at higher . The spectra were deconvoluted into up to three Gaussian peaks [35] . These were assigned as Q2, Q3, and Q4 in order of decreasing , according to the convention for identifying the distinct Si environments in silicas and related materials [36] . All peak positions are summarised in Table 2 bonded to two siloxane groups and two silanol groups, the Q3 resonance at ∼ −101 ppm is attributed to Si atoms with three siloxane bonds and one silanol group, and Q4 at ∼ 110 ppm is ascribed to Si atoms with four siloxane bonds. This is shown schematically in Figure 10 . The main peak in all spectra corresponded to the Q4 environment. The relative intensities of the Q2-Q4 resonances as a function of treatment temperature for the three OMS materials are plotted in Figure 11 . For all three OMS structures, the general trend is for progressive decreases in Q2 and Q3 and a corresponding increase in Q4, starting from around 400 ∘ C. It is therefore evident that thermal treatment caused progressive condensation of the Si-OH groups. Since these are expected to be present predominantly at the surfaces of the materials where the silica structure is terminated, this behavior is consistent with the loss of pore structure seen using other techniques above. The biggest change was recorded for SBA-15, suggesting that this is less thermally stable than the KIT-6. The traces for SBA-15 and KIT-6 showed a change towards increasing percentage of Q4 which continued up to the pretreatment temperature of 900 ∘ C whereas the trace for the FDU-12 appeared to reach a plateau at the higher temperatures.
Solid State
Discussion
Values of the key dimensions relating to the pore structures of the three OMS materials both as-prepared and after thermal treatment at 900 ∘ C are collected together in Table 1 . Data obtained from the gas adsorption, SAXS, and TEM measurements are compared and show good general agreement. This is despite the difficulties in measuring pore diameter by TEM and locating the smallest peaks precisely in SAXS patterns, especially those relating to samples treated at high temperature. These data-when taken with the trends in the d-spacings shown in Figure 4 -indicate a contraction of the unit cells in all three materials. This was more significant in SBA-15 and KIT-6 than in FDU-12. The gas adsorption results in Figures 2 and 3 and the pore widths measured by TEM together attest to a gradual decrease in pore size and a considerable loss of SSA with increasing treatment temperature for the SBA-15 and KIT-6 materials. Nevertheless, these two materials retained significant SSA and meso values even after treatment at 900 ∘ C. This was not the case for FDU-12 which appeared to suffer a complete loss of SSA and meso in Figure 2 (c) while pore size (Figure 3 ) did not change with treatment temperature. However, the trends in d-spacings for this material (Figure 4) show a smaller contraction than for the other two materials and the TEM images of F-900 ( Figure 7) show that this sample retained many pores. This apparent contradiction can be explained if these pores had become isolated from the external gas atmosphere and therefore inaccessible in the gas adsorption experiments. This is confirmed by study of the TEM images of F-900 in which the narrow channels connecting the larger spherical pores seem to have been filled and by the coincident complete loss of both meso and micro (Figure 2(c) ). Despite being isolated, these pores still retained some structural order which was detected by SAXS. It appears that a different process occurred in SBA-15 and KIT-6-which do not contain large, spherical pores-and whereby their cylindrical pores were gradually filled. After treatment at 900 ∘ C, loss of pore volume was broadly similar for these two materials, although SBA-15 lost more SSA than KIT-6. The NMR results also clearly indicate more significant condensation of Si-OH groups-associated with loss of surface area-for the SBA-15. On balance, this suggests that the SBA-15 is the less thermally stable structure of the two and this is consistent with its one-dimensional pore structure which might be expected to be more vulnerable to contraction than the cubic, bicontinuous intertwined channel structure of KIT-6. Another, subtle, difference is that the pore walls in SBA-15 appeared to remain the same thickness as treatment temperature increased whereas those of KIT-6 showed evidence of an increase in thickness in TEM (Table 1) . However, there is no necessity for the walls in SBA-15 to become thicker when the pore diameters and the dimensions obtained from SAXS decrease. Because of the two-dimensional pore structure of SBA-15, contraction parallel to the pores is not detected in SAXS. The data indicate, therefore, that contraction may not in fact occur along the pores but only parallel to them. Further work would be needed to confirm this.
Conclusions
By performing a systematic study on three widely-used and representative OMS materials-SBA-15, KIT-6, and FDU-12-using complementary analysis techniques, the effect on their pore structures of thermal treatment was examined in detail.
Broadly speaking, SBA-15 and KIT-6 maintain their original pore structures to treatment temperatures of 600 ∘ C while FDU-12 maintains its pore structure to 500 ∘ C. SBA-15 and KIT-6 exhibited similarities in the contraction of their pore structures and reduction in SSA. They differed, however, in the mode of structural collapse indicating that stability was likely influenced by the nature of the pore structure, that is, 2-D as opposed to 3-D. FDU-12 exhibited a somewhat different behavior in which the narrow channels between its larger spherical pores filled first, isolating the pores from the external gas atmosphere. 29 Si MAS NMR data clearly showed a shift to higher Q values (Q2 and Q3 to Q4) in all three structures, implying the progressive loss of Si-OH groups through condensation with increasing treatment temperature.
Since these and related materials are increasingly widely considered and applied for processes involving exposure to high temperatures-such as catalysis, gas storage, and nanocasting-it is hoped that these findings will help facilitate informed choices of structure type and of preparation and operating conditions for such applications.
